In recent years, social media has had a crucial role in promoting governments to act more responsibly. However, few studies have investigated whether social media use actually leads to increased disclosure during environmental incidents, or how social media influences regional governments' information disclosure, even though delayed and insufficient disclosure on relevant incidents is often widespread in China. In this article, we model information disclosure during environmental incidents as an evolutionary game process between the central government and local governments, and examine the role of social media on game participants' strategy selections in the information disclosure game. The results indicate that social media plays an active role in promoting the regional government to proactively disclose information during environmental incidents through two mechanisms: the top-down intervention mechanism, and the bottom-up reputation mechanism. More specifically, social media can provide efficient information channels for the central government to supervise local officials' limited disclosure during environmental incidents, essentially sharing the central government's supervision costs, and thus improving its supervision and intervention efficiency. Social media helps focus the public's attention on the limited disclosure of local officials in environmental incidents, and actively mobilizes citizens to protest to maintain their interests, placing considerable pressure on the reputation of local governments.
Introduction
China has witnessed numerous environmental incidents that have caused huge challenges for social stability and economic development. The latest data from the Ministry of Ecology and Environment Protection (MEEP) of China revealed that 302 environmental incidents occurred in 2017 [1] . In the face of frequent environmental incidents, empirical research has shown that the extent of information disclosure during the stages of accident investigation, handing, response, and disposal can determine the quality and results of an environmental emergency to a large extent [2, 3] . This means that government agencies at all levels should take the initiative to disclose information to the public during environmental incidents under the Environmental Protection Law (EPL), but the practice of information disclosure by the government is still severely limited [4, 5] . Government officials, especially at the local level, prefer to provide information to the public in a reluctant, superficial, delayed, or selective manner-for brevity, we define this as "limited disclosure" [6] -rather than proactively responding to the public's information demands (similarly, we define this as "full disclosure"), especially for information related to the possibility of threats to public health and living conditions. For example, the hazards from the Songhua River pollution incident endured a concealment of nine days. An earlier official statement informed the public that only water and carbon dioxide had been ejected from a chemical plant explosion, and that no pollutants entered the river system. Finally, the pollutants drifted to Russia and caused a diplomatic conflict [6, 7] . Similarly, such limited information disclosure occurred in the "8/12 Tianjin explosion" and the "4/11 Lanzhou drinking water incident" [8, 9] . As a consequence, widespread public panic often occurs, which can lead to secondary risk events, such as public protests, rumors, etc. Therefore, we think that it is important to examine the internal mechanisms of the government's information disclosure during the progress of environmental incidents.
Previous literature has provided various theoretical frameworks to investigate the internal mechanisms of information disclosure in the public sector, including neoinstitutional, legitimacy, stakeholder, and agent theories [10] [11] [12] [13] . The first two theories focus on the macro levels of analysis. Neoinstitutional theory explains that the government's information disclosure is mainly motivated by external pressure and innovative trends [14] , and legitimacy theory suggests that government agencies respond to legitimacy threats to maintain the government's credibility and image in unforeseen crises by adopting a proactive disclosure strategy [15] . Both theories mainly emphasize that practices related to the government's full disclosure are influenced by the characteristics of the environment and the particular structure of each organization, mainly including technological development, political commitment among voters, corruption levels, and the demand for legal information [5] , and ignore the roles of stakeholders at the micro level. Accordingly, stakeholder theory is often used as a mainstream theory to explore the internal mechanisms of information disclosure by the government [16, 17] . For example, Li et al. showed that the level of information disclosure is significantly affected by stakeholders' demands, including governments, social media, and environmental organizations [17] . However, during environmental incidents, especially in China, it is usually up to local governments to decide whether or not to disclose the information, which means that stakeholder theory may fail to serve as a cornerstone to explain the phenomena [6] . China has been labeled as a typical authoritarian state for a long time, where policies are largely created by the central government and implementation depends on the local governments [4] . In this regard, agency theory could be an appropriate theoretical tool to explain why regional governments and their officials tend to adopt limited disclosure for environmental incidents. This explains that limited disclosure by local governments is essentially rooted in the information asymmetry between the central government (principal) and local governments (agents) [18, 19] . The central government, as the principal, often adopts various measures to encourage the local governments and their officials to proactively disclose information during environmental incidents. For instance, the top-down supervision system is an essential tool that incentivizes local governments and their officials to act more responsibly, which means that the central government punishes local officials once they are involved in limited disclosure during environmental incidents. However, the main official information source for top-down supervision is a bottom-up reporting system of incident information; this information is then reported through administrative channels, level by level, all the way to the central government, which makes it difficult to determine whether limited disclosure by regional officials is occurring during environmental incidents [20] . Thus, regional governments' limited disclosure often occurs as they think that the potential consequences, including top-down accountability and reputation loss, can be avoided by their disclosure-avoidance behaviors [21] . In this case, information disclosure in environmental incidents is facing the "Prisoners' Dilemma" of game theory: the central government tends to choose the unsupervised strategy, and local governments and their officials adopt limited disclosure as their optimal choice.
To address the dilemma, some studies have argued for a social supervision role for social media in the public sector [22] [23] [24] [25] , which could be seen as an important supplement to the top-down supervision system, and could help push local governments to act more responsibly [26, 27] . For example, authors such as Chen have shown that criticism of the local governments and their officials by the media would help the central government ensure local compliance and create a favorable public opinion.
More importantly, such media criticism can often correct recalcitrance [26] . Egorov et al. took a similar view; they stated that social media has the advantage of providing an information channel for the dictator to learn the efforts of lower-level officials, and can be considered an important tool to keep citizens informed about the daily administration of the local government [27] . In addition, social media can improve the public's access to government information by actively reporting local affairs, thus significantly lowering the barriers to the public's participation in critical public issues and facilitating citizens' monitoring of functionary activities [28] [29] [30] . For example, Dong et al. indicated the role of social media in the supervision of the government, judiciary, and other public powers; the maintenance of justice and protection of disadvantaged groups; and in attracting the government's attention, urging the government to publicize information and investigate the event, and promoting social management innovation and institutional change [22] . Other authors such as Cuadrado-Ballesteros et al. provided a similar viewpoint: social media can improve the government's effectiveness [31] . This means that social media can improve citizens' accessibility to information, which in turn would make it more difficult for politicians and public servants to cover up or hide corrupt behavior. Eom et al. indicated that social media essentially provides a communication platform between local governments and the public, and thus enhances the government's responsiveness [32] . However, despite the expectation that social media use in the public sector will push local governments to act more responsibly, few studies have examined whether social media supervision leads to more disclosure in practice, and how social media influences local governments' information disclosure.
China has been considered an information-poor environment for a long time, where government agencies at all levels are in strong control of not only the economy, but also information [33] . The public used to receive virtually all government information through conventional information institutions, such as television, newspapers, and the radio. However, with the rapid development of information and communication technology, social media has undermined the control of government agencies on information provision and dissemination, and most scholars agree that social media can be seen as a powerful tool to push regional governments to fully disclose information [34] [35] [36] . For example, Cuadrado-Ballesteros showed that local governments tend to release less strategic and socioeconomic information when subjected to strong media pressure, because social media focuses on unusual and negative news [35] . During elections, this author indicated that more media pressure may trigger a low level of information disclosure due to the fear of losing the support of voters [36] . In terms of government financial information disclosure, Zhang et al. [37] showed that the public has rapid internet access to information released by the government, and they can express their views on current affairs freely on micro blogs, blogs, or forums. The public can even criticize government actions on social media, which has greatly expanded the provision of public opinion feedback to the government. However, the focus of this study was to examine the role of social media in improving citizens' access to government information. That China is a decentralized state implies that a structural difference exists between the government's information disclosure at the central and regional levels [20, 38] . Therefore, it is important to investigate how social media influences information disclosure by local governments within the framework of central-local government relations. Related literature has tended to investigate the role of social media in influencing information disclosure by the government in a social stability context, which indicated the factors that exert the greatest influence on information disclosure behavior are information-related factors such as the difficulty of processing, the purpose of the request, favorability to agency, and so on [39] . Few studies have examined the role of social media in governmental information disclosure within the public crisis context, although limited disclosure during environmental incidents is widespread in China. Unlike the social stability context, blame avoidance is the main motivation that affects local government' decisions regarding whether or not to disclose information within the public crisis context.
The existing literature on media supervision is concentrated in the field of capital markets, where theoretical and empirical explorations have shown that social media performs the roles of social supervision through information intermediaries [40, 41] and governance [42, 43] . Social media is highly persuasive in focusing public attention on certain events and topics, such as the negative messages of enterprises, by extensive, continuous, and widespread coverage, which can greatly affect an enterprise's reputation [42] . Social media can also provide an efficient information channel for government agencies to supervise enterprise malpractice, easily triggering government intervention [43] . However, despite the abundant research on media supervision in capital markets, insufficient attention has been paid to the role of social media in the public sector. Empirical research has shown that social media can play a similar role in promoting local governments to fully disclose information when an environmental incident occurs. Social media provides an efficient information channel for the central government to supervise local governments and their officials by reporting local affairs, and thus can improve its supervision and intervention efficiency. The central government, in turn, allows and even actively stimulates social media, such as micro blogs and blogs, to expose incidents of malpractice by local officials, ranging from incompetence to corruption, before the relevant officials are investigated or convicted, often with the idea of building countervailing power against the distortion of information between the central government and local authorities [4, 26] . For example, President Xi Jinping, who came to power in late 2012, appealed for the creation of "conditions for people to criticize and oversee the government, giving full play to the oversight role of social media, and let power be exercised in the sunshine" [44] . In addition, social media can put a great deal of social pressure on local government reputations by creating public opinion once local officials have become involved in malpractice, thus encouraging government officials to act more responsibly in their responses to social media enquiries.
Some deficiencies still exist in current studies on information disclosure by governments. Information disclosure is an interactive process among stakeholders, such as enterprises, governments, social media, environmental organizations, and individuals [17, 21, 45] . Therefore, we can model the interactions among these stakeholders as a dynamic game of information disclosure using game theory. For example, Eiichi and Toshizumi used a game model between a government agency and the public to investigate the progress of risk information disclosure [21] , but this study mainly considered the game relationship between government agencies and the public, and ignored the conflict between the central government and local governments. When an environmental incident occurs, local governments usually decide whether or not to fully disclose information [4] . However, regional governments often have an incentive to not proactively report the obtained information in order to avoid top-down accountability. The central government, as the principal, often adopts various measures to simulate local governments and their officials to fully disclose information. Therefore, information disclosure in environmental incidents can be seen as a dynamic game between the central government and local governments.
Motivated by the above discussion, we aimed to examine whether social media leads to more disclosure during environmental incidents and how social media influences regional government information disclosure. We recommend collective strategies to promote proactive information disclosure by local governments to the public. To achieve this goal, firstly, we reconsider government information disclosure during environmental incidents within the social media context. Secondly, an evolutionary game model between the central government and regional governments is built to model the progress of information disclosure. Finally, we provide an operational framework to simulate the role of social media on game participants' strategy selections in the information disclosure game by using simulations, as well as analyzing the internal mechanism through which social media influences information disclosure by local governments during environmental incidents.
Methodology
In traditional game theory, it is often assumed that as the game progresses, the participants are completely rational in pursing their own best interests, and that all of the participants operate under a complete information condition. However, both conditions are difficult to achieve in real economic situations. For example, as the game of information disclosure progresses during an environmental incident, both regional governments and the central government are not completely rational, and are not operating under complete information conditions due to having limited knowledge and information as well as operating under a complex environment. Perfect strategy combinations are often expected in game theory. That is, local governments select to fully disclose, and the central government selects to supervise. However, in practice, these adjustments cannot be achieved immediately, and the participants must adjust their strategies to achieve optimal results with the changing environment. Thus, an evolutionary game model is used to analyze the process of a government's information disclosure during environmental incidents. This study applies evolutionary game theory as an approach for two reasons. (1) Unlike the traditional game theory, evolutionary game theory can explain why and how game participants reach a stable state through the dynamic analysis of the evolutionary process. (2) The evolution of groups has a certain inertia that can be explained by the mutation process.
In this section, we first explain the relationship between the central government and local governments during the process of information disclosure during environmental incidents, and we discuss the role of social media in the information disclosure game. Thereafter, an evolutionary game model between the central government and local governments is built to investigate the process of information disclosure, and this model is solved based on the replication dynamics mechanism. Finally, we use the Jacobian matrix to analyze the stability of each equilibrium point.
Theoretical Framing Analysis
Before establishing the evolutionary game model, it is necessary to explain the relationship between the central government and local governments during environmental incidents, and discuss the role of social media in the information disclosure game, as shown in Figure 1 . In China's authoritarian system, the relationship between the central government and local governments in the process of information disclosure is essentially the principal-agent one. This means that as the principal, the central government should adopt effective incentives to push regional governments and their officials to act more responsively, and a top-down supervision system is often used to stimulate local governments and their officials to proactively disclose information during environmental incidents. This means that the central government punishes local officials once they become involved in malpractice. The punishment of local officials includes two parts: a fine, which equals the central government's revenue under its supervision, and an implicit punishment, such as personal reputation loss, political future, etc. The benefit that local officials obtain when they adopt full disclosure in dealing with environmental incidents includes social benefits and personal benefits. Social benefits refer to a government's reputation generated by full disclosure, and personal revenue mainly includes commendation and promotion from the central government. However, in practice, the main official information source for use in top-down supervision is a bottom-up reporting system; this information is then reported through administrative channels, level by level, all the way to the central government, which makes it difficult to determine whether limited disclosure by local officials is occurring during environmental incidents. In this case, the central government tends to choose not to supervise, and thus may suffer from administration authority loss as it fails to strictly supervise local officials' malpractice.
With the rapid development of information and communication technology, social media has the advantage of having a good "input-output" effect in terms of harmonizing social relations, allocating social resources, and holding the government accountable. Therefore, social media, as an important part of the social supervision system, is introduced to the information disclosure game between the central government and the regional government, which is expected to change participants' strategies from "negative" to "positive". That is, the central government tends to choose to supervise, and local governments select full disclosure as their optimal choice. Two mechanisms, the intervention mechanism and reputation mechanism, can help social media adopt the role of social supervision. Social media can provide an efficient information channel for the central government to supervise local officials, which can improve its supervision efficiency to some extent. This means that the central government can easily determine what is happening in local affairs through social media, especially regarding local officials' malpractice. Social media also plays an important role in focusing the public's attention on certain events and topics, especially regarding government malpractice at both the regional and central levels. So, when local governments and their officials do not proactively disclose information during environmental incidents, social media can help citizens form opinions on regional officials' malpractice by extensive, continuous, and widespread reports, and thus significantly damage local governments' reputations. Similarly, social media also puts social pressure on the central government's reputation once it fails to actively supervise local officials' limited disclosure.
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(1) Participants in the game: The two participants in the evolutionary game of information disclosure during environmental incidents are the central government and local government, and both of them have bounded rationality.
(2) Participants' behavior strategies: Local governments have two strategies: limited and full disclosure. A limited disclosure strategy means that local governments and their officials tend to adopt a reluctant, superficial, selective, or delayed disclosure manner to tackle environmental incidents [4] . The full disclosure strategy indicates that an organization "breaks the news about its own crisis before the crisis is discovered by the media or other interested parties" [46] , which means that local governments and their officials tend to proactively disclose information to the public before environmental incidents occur. At the same time, the central government supervises regional governments' information disclosure during environmental incidents. There are two strategies for the central government: to supervise or not supervise whether local officials proactively disclose information during environmental incidents. Whether local governments proactively disclose information during environmental incidents or not can be considered a result of the game between the central government and local governments.
(3) Probabilities of behavioral strategy: In the initial stage of the game between the central government and local governments, we assume that the probability of regional governments choosing the full disclosure strategy is 0 1 , and the probability of selecting the limited disclosure strategy is 1 . The probability of the central government choosing supervision is 0 1 , and the probability of choosing no supervision is 1 . The corresponding parameters , , , , and , , , , , for the central governments and local governments, respectively, and parameters , for social media are described in Table 1 . 
Evolutionary Game Model
Game Payment Function
(3) Probabilities of behavioral strategy: In the initial stage of the game between the central government and local governments, we assume that the probability of regional governments choosing the full disclosure strategy is α(0 ≤ α ≤ 1), and the probability of selecting the limited disclosure strategy is 1 − α. The probability of the central government choosing supervision is β(0 ≤ β ≤ 1), and the probability of choosing no supervision is 1 − β.
The corresponding parameters C 1 , R 1 , p, C s , C f and C 2 , R 2 , R 3 , ε, F, C r for the central governments and local governments, respectively, and parameters v, x 0 for social media are described in Table 1 . Table 1 . Parameter definitions.
Symbols
Stakeholders Descriptions
Central government
The costs paid by the central government during supervision, which mainly refers to the sum of costs involved in the supervision process of information disclosure during environmental incidents, such as investigation costs, treatment costs, etc.
The revenue that the central government obtains from local governments' proactive disclosure during environmental disclosure, mainly including the central authorities and reputations, etc.
p
The probability of the central government discovering local officials' limited disclosure during environmental incidents (0 ≤ p ≤ 1).
C s
The reputation loss of the central government caused by the public's mistrust, when the limited disclosure of local officials is exposed by social media, but the central government adopts the no-supervision strategy.
C f
The administration authority loss of the central government when it adopts the no-supervision strategy.
C 2
Local government
The information disclosure costs, including information searching, gathering, saving, reporting, and publishing costs. For brevity, we assumed that the cost of limited disclosure was zero.
The revenues of local governments when adopting the full disclosure strategy.
ε
The extra benefits, such as commendation and promotion, when the central government determines that local officials have adopted the full disclosure strategy during environmental incidents (ε > 0).
The potential benefits, such as local interests or benefits from corruption, when local governments adopt the limited disclosure strategy.
F
The punishment when the central government finds out that regional officials have adopted the limited disclosure strategy during environmental incidents.
C r
The reputation loss of regional governments when social media exposes the limited disclosure of local officials.
v
Social media
The probability of social media exposing local governments and the limited disclosure of their officials.
x 0
The social influence generated by social media exposure on local officials' malpractice, such as limited disclosure, etc., which may cause the reputation loss of government agencies, including the central government and local governments.
(4) Game payment functions: The pay-off matrix between regional governments and the central government is shown in Table 2 . The payment functions of each strategy on the game players are as follows. Table 2 . The revenue of the game matrix between the central and local governments.
Game Players
The Central Government
π 1 represents the revenues of local governments when they fully disclose information and the central government supervises during environmental incidents. The income includes two parts. The first part is the reputation and extra benefits that local governments gain when they take the initiative to disclose information during environmental incidents, including commendation and promotion from the central government. The expenditure costs refer to the sum of the full disclosure costs, such as information searching, gathering, saving, reporting, and publishing costs. π 2 represents the local governments' revenues when they select the full disclosure strategy and the central government chooses the no-supervision strategy during environmental incidents. In this case, local governments can obtain the net benefit R 2 − C 2 . π 3 represents the revenues of local governments when they do not fully disclose information and the central government supervises during environmental incidents. The income is the potential benefits of local governments and their officials when adopting the limited disclosure strategy, including local interests or profits from corruption. The expenditure costs include two parts. The first is the fine, which is (p + (1 − p)v)F. If the central government finds out that local officials have provided limited disclosure with probability p, then local governments pay a fine of pF. Instead, local governments still pay an extra fine (1 − p)vF under media exposure. Since social media can provide an efficient information channel for the central government to supervise local officials' limited disclosure, this improves its supervision efficiency. The other part is the potential reputation loss of local governments after social media exposure once they become involved in malpractice. π 4 represents the local governments' revenues when they do not fully disclose information and the central government does not supervise. Without central supervision, local governments do not need to pay the fines (p + (1 − p)v)F. Instead, they obtain potential benefits from limited disclosure, but have to pay in terms of reputation loss after social media exposure. u 1 is the revenue of the central government when full disclosure and supervision are the optimal strategies of the regional governments and the central government, respectively. The revenue represents the benefits that the central government obtains from local government full disclosure during environmental disclosure, such as central authority. The expenditure is the costs paid by the central government during supervision. u 2 is the central government's revenue when regional governments fully disclose information and the central government chooses not to supervise. The income refers to reputation promotion, and the expenditure is the administration authority's loss. u 3 is the central government's revenue when regional governments select limited disclosure and the central government chooses the supervision strategy during environmental incidents. The income is equal to the penalty paid by local governments when adopting the limited disclosure strategy, and the expenditure represents the supervision costs. u 4 represents the revenue of the central government when local governments do not fully disclose information and the central government does not choose to supervise, which leads to the reputation loss of local governments after social media exposure.
Replicated Dynamic Equations of the Information Disclosure Game
According to the basic principles of replicator dynamics, strategies that are better than average are gradually adopted in a game group with bounded rationality, which produces changing strategy proportions over time [47, 48] . In the following text, we denote U 1 , U 2 , V 1 , and V 2 as the expected benefits of the central and local governments under different strategies, respectively. We first analyze local governments. The expect benefits when adopting a full disclosure strategy (U 1 ) or a limited disclosure strategy (U 2 ) can be computed as:
Then, we can obtain the replicated dynamic equation for local governments:
where U = αU 1 + (1 − α)U 2 is the local governments' average expected benefits, and t in Equation (3) refers to the timing of the strategy changes in the evolutionary system. Similarly, the expected benefits (V 1 ) when adopting supervision, and the expected benefits (V 2 ) when adopting the no-supervision strategy, are calculated as:
Thus, the replicated dynamic equation of the central government's evolutionary strategy is:
where V = αV 1 + (1 − α)V 2 is the central government's average expected benefits, and t in Equation (6) refers to the timing of strategy changes in the evolutionary system. The two-dimensional dynamic autonomy system consists of Equations (3) and (6), and can be expressed as:
Evolutionary Game Equilibrium Analyses
According to the stability theorem of evolutionary dynamic equations [47] , if and only if 0 ≤ α * , β * ≤ 1, we can obtain five local equilibrium points of the system by setting its first derivative equal to zero, Z(α, β) = D(α, β) = 0. The equilibrium points of the system above are (0,0), (0,1), (1,0), (1,1), and (α * , β * ). Among them:
The equilibrium points may not be evolutionary stable strategies (ESS); thus, the level of local stability needs to be determined. According to the method proposed by Friedman [48] , we can adopt the Jacobian method to analyze the stability of the equilibrium points. Firstly, the Jacobian matrix (J) of the game is:
where
Second, we can determine whether the equilibrium points represent an ESS by computing the sign of the trace Tr(J) and the determinants Det(J) of the matrix, which are calculated by Equation (10):
In this section, we only consider the equilibrium points E 1 = (0, 0), E 2 = (0, 1) and E 4 = (1, 1) because the equilibrium resolutions of group evolutionary game theory are a strict Nash equilibrium. Thus, there are three possible scenarios in the information disclosure game according to the size relationships between the costs and benefits of the players (Table 3) . 
According to the above discussion, three propositions are presented as follows: Proposition A1: When the system satisfies
Remark A1. In this scenario, neither the central government nor local governments have the motivation to fulfill their duties. From an overview viewpoint, parameters v, F, p, x 0 , and C s can be viewed as the negative factors for the central government choosing the supervision strategy, and C 1 can be viewed as the positive factor. Similar to regional governments, parameters C 2 , R 3 can be viewed as the positive factors for regional governments and their officials choosing the limited disclosure strategy, and R 2 , v, x 0 , C r can be viewed as the negative factors. Thus, the practical significance of Proposition A1 can be summarized as follows: when the supervision costs are high, the central government tends to choose the no-supervision strategy. Local governments choose to not proactively disclose information under the condition that the cost of full disclosure or the potential benefits from limited disclosure are great. Social media, as a negative factor (parameters v, x 0 ), to some extent, can hinder the central government in performing the no-supervision strategy, and hinders regional officials' limited disclosure behavior during environmental incidents, because to local governments, more media exposure means that they may suffer from a greater reputation loss when they adopt the strategy of limited disclosure to address environmental incidents. Meanwhile, the central government obtains more revenue from supervision with the help of social media.
Proposition A2: When the system satisfies
Remark A2. In this scenario, local governments and their officials have less motivation to proactively disclose information during environmental incidents, and efforts from the central government have no impact. Local governments and their officials choose not to use the full disclosure strategy during environmental incidents, even though the central government chooses to supervise. As an overview, parameters v, F, p, x 0 , and C s can be viewed as the positive factors for the central government choosing the supervision strategy, and C 1 can be viewed as the negative factor. Similar to local governments, parameters C 2 , R 3 can be viewed as the positive factors for local governments and their officials choosing the limited disclosure strategy, and ε, R 2 , v, p, F, x 0 , C r can be viewed as the negative factors. The practical significance of Proposition A2 is: when the supervised costs are small and the cost of full disclosure or the potential benefits from limited disclosure are great, the dynamic system evolves and balances over time. Eventually, all of the central governments choose to actively supervise, and local governments choose not to proactively disclose. Social media has a similar role to Proposition A1. This means that social media can effectively promote the central government to supervise regional officials' limited disclosure in environmental incidents, and can hinder limited disclosure by local officials to some extent.
Proposition A3: When the system satisfies
Remark A3. In this scenario, both the central and local governments are motivated to fulfill their duties. Local governments tend to proactively disclose information, and the central government tends to supervise. From an overview viewpoint, parameters v, F, p R 2 , ε, x 0 , and C r can be viewed as the positive factors for local governments selecting full disclosure, and C 2 , R 3 can be viewed as the negative factors. Similar to the central government, parameter C f can be viewed as the positive factor for the central governments choosing the supervision strategy, and C 1 can be viewed as the negative factor. Therefore, the practical significance of Proposition A3 is: when the cost of full disclosure or the potential benefits from limited disclosure are small and the supervised costs are less than a certain value, which is the loss of administration authority C f , the system evolves to the equilibrium state {supervision, full-disclosure}. In this case, social media has a positive role in changing game participants' strategies from negative to positive. During environmental incidents, local governments proactively disclose information, and the central government supervises.
Numerical Analysis
To verify our theory and analysis, numerical experiments were conducted to validate the evolutionary game using the simulation platform of MATLAB R2012a. We also discuss the role of social media on the evolutionary result in this section.
Verification of Evolutionary Scenarios A1-A3
To validate the above information disclosure game, the classic Runge-Kutta method was applied to solve the differential equation group of the dynamic replication system [49] . Therefore, we adopted the ode45 functions in our computing program to numerically calculate the evolutionary process of the dynamic replication system.
Scenario A1
In scenario A1, the related parameters in the evolutionary game model were chosen according to real situations that satisfy the conditions of Proposition 1: C 1 = 8; C 2 = 8; R 2 = 12; R 3 = 20; p = 0.6; F = 5; C s = 4; x 0 = 0.8; C f = 5; ε = 10; v = 0.6; C r = 4, and the initial strategy ratios (α 0 , β 0 ) of the two participants were set as {0.7, 0.3} and {0.3, 0.7}. The evolutionary results were obtained by using the above data in the model in the MATLAB platform. As shown in Figure 2 , the strategy ratio of the limited disclosure of local governments decreases as the ratio of the central government's use of the no-supervision strategy decreases. Ultimately, all central governments choose the no-supervision strategy as their optimal strategy, and all local governments select the limited disclosure strategy, thus reaching the equilibrium point E 1 = (0, 0). The stable equilibrium strategy E 1 = (0, 0) is an optimal result in the information disclosure game. In this case, the performance of information disclosure during environmental incidents is very poor. One important reason for this result might be that regional governments and their officials, who are motivated by self-interest, tend to adopt a reluctant, superficial, selective, or delayed disclosure manner in response to the central government and the public to avoid the costs of full disclosure (C 2 ). The central government may also fail to supervise the proactive information disclosure of local officials during environmental incidents due to the supervision costs (C 1 ), which will trap them into the Prisoner's Dilemma. Figure 3 shows that the ratio of adoption of the limited disclosure strategy by regional governments decreases as the adoption of the supervision strategy by the central government increases. The system finally reaches the equilibrium point 0, 1 -the ESS is the strategy set {limited disclosure, supervision}which means that the central government selects the supervision of local officials' malpractice in the process of handling environmental incidents, but local governments still choose limited disclosure as their optimal strategy. In this context, information disclosure during environmental incidents is still less effective, even though the central government actively supervises malpractice by local officials. One important reason for this might be that local governments and their officials can still obtain a positive net benefit when adopting limited disclosure during environmental incidents due to the potential benefits ( ) of limited disclosure, although the central government chooses to supervise. 
Scenario A2
Similarly, we set C 1 = 4; C 2 = 8; R 2 = 8; R 3 = 20; p = 0.4; F = 8; C s = 4; x 0 = 0.8; C f = 5; ε = 10; v = 0.6; C r = 4 to satisfy the conditions of Proposition 2. The initial strategy ratios (α 0 , β 0 ) of the two participants were set as {0.7, 0.3} and {0.3, 0.7}. Figure 3 shows that the ratio of adoption of the limited disclosure strategy by regional governments decreases as the adoption of the supervision strategy by the central government increases. The system finally reaches the equilibrium point E 2 = (0, 1)-the ESS is the strategy set {limited disclosure, supervision}-which means that the central government selects the supervision of local officials' malpractice in the process of handling environmental incidents, but local governments still choose limited disclosure as their optimal strategy. In this context, information disclosure during environmental incidents is still less effective, even though the central government actively supervises malpractice by local officials. One important reason for this might be that local governments and their officials can still obtain a positive net benefit when adopting limited disclosure during environmental incidents due to the potential benefits (R 3 ) of limited disclosure, although the central government chooses to supervise. Figure 3 shows that the ratio of adoption of the limited disclosure strategy by regional governments decreases as the adoption of the supervision strategy by the central government increases. The system finally reaches the equilibrium point 0, 1 -the ESS is the strategy set {limited disclosure, supervision}which means that the central government selects the supervision of local officials' malpractice in the process of handling environmental incidents, but local governments still choose limited disclosure as their optimal strategy. In this context, information disclosure during environmental incidents is still less effective, even though the central government actively supervises malpractice by local officials. One important reason for this might be that local governments and their officials can still obtain a positive net benefit when adopting limited disclosure during environmental incidents due to the potential benefits ( ) of limited disclosure, although the central government chooses to supervise. 
Scenario A3
In this section, C 1 = 4; C 2 = 8; R 2 = 8; R 3 = 10; p = 0.4; F = 8; C s = 4; x 0 = 0.8; C f = 5; ε = 10; v = 0.6; C r = 4 were chosen to test Proposition 3. The simulation results are shown in Figure 4 . The supervision strategy ratio of the central government and the full disclosure strategy ratio of regional governments increases with time. Ultimately, the system reaches the equilibrium point E 4 = (1, 1), which means that the central government is inclined to select the supervision strategy as its optimal strategy, and local governments tend to choose full disclosure during environmental incidents. In this context, information disclosure during environmental incidents is the most effective strategy. One important reason for this might be that the benefits obtained by local governments from full disclosure are greater than those from limited disclosure. In addition, the central government selects to supervise the malpractice of local officials during environmental incidents for fear of losing its administration authority without supervision. Thus, both participants in the information disclosure tend to select the positive strategy under this condition. are shown in Figure 4 . The supervision strategy ratio of the central government and the full disclosure strategy ratio of regional governments increases with time. Ultimately, the system reaches the equilibrium point 1, 1 , which means that the central government is inclined to select the supervision strategy as its optimal strategy, and local governments tend to choose full disclosure during environmental incidents. In this context, information disclosure during environmental incidents is the most effective strategy. One important reason for this might be that the benefits obtained by local governments from full disclosure are greater than those from limited disclosure. In addition, the central government selects to supervise the malpractice of local officials during environmental incidents for fear of losing its administration authority without supervision. Thus, both participants in the information disclosure tend to select the positive strategy under this condition.
(a) (b) Figure 4 . Evolutionary paths of the information disclosure game under scenario A3. (a) game participants' initial strategy ratios (α_0, β_0) were set as {0.3, 0.7}; (b) game participants' initial strategy ratios (α_0, β_0) were set as {0.7, 0.3}.
Simulation Analysis of the Role of Social Media in the Information Disclosure Game
In this section, we examine the role of social media in the process of information disclosure during environmental incidents. In order to do this, we focus on the factors associated with social media, which include the probability of media exposure ( ) and the social influence of social media ( ) on game participants' strategy selections in the information disclosure game. The settings of the simulation parameters are shown in Table 4 . 
Probability of Media Exposure in the Information Disclosure Game
In order to investigate the impact of social media exposure probability on the evolutionary results, the parameter was set to range from 0 to 0.9, while the other parameters were fixed. All of the initial strategy ratios of the two participants were 0.5, which means that the initial state of the strategy combination is point , 0.5, 0.5 . The simulation results on the left of Figure 5 reveal that an increase in the probability of social media exposure can lead local governments to change their strategy from limited disclosure (red line) to full disclosure (other lines). When is very small in actual situations, local governments tend to adopt a reluctant, superficial, selective, or delayed disclosure manner to track environmental incidents. When we continued to increase v to a certain value, local governments tended to change their initial limited disclosure strategy, and the ratio of full disclosure strategy adoption by regional governments increased when the probability of 
Simulation Analysis of the Role of Social Media in the Information Disclosure Game
In this section, we examine the role of social media in the process of information disclosure during environmental incidents. In order to do this, we focus on the factors associated with social media, which include the probability of media exposure (v) and the social influence of social media (x 0 ) on game participants' strategy selections in the information disclosure game. The settings of the simulation parameters are shown in Table 4 . Table 4 . The setting of the simulation parameters.
Parameter 
Probability of Media Exposure in the Information Disclosure Game
In order to investigate the impact of social media exposure probability on the evolutionary results, the parameter v was set to range from 0 to 0.9, while the other parameters were fixed. All of the initial strategy ratios of the two participants were 0.5, which means that the initial state of the strategy combination is point E(α 0 , β 0 ) = (0.5, 0.5). The simulation results on the left of Figure 5 reveal that an increase in the probability of social media exposure can lead local governments to change their strategy from limited disclosure (red line) to full disclosure (other lines). When v is very small in actual situations, local governments tend to adopt a reluctant, superficial, selective, or delayed disclosure manner to track environmental incidents. When we continued to increase v to a certain value, local governments tended to change their initial limited disclosure strategy, and the ratio of full disclosure strategy adoption by regional governments increased when the probability of social media exposure increased from 0.4 to 0.9. Similar change trends are also depicted on the right in Figure 5 . The strategy of the central government gradually changes from no supervision to supervision as the probability of social media exposure increases. In summary, the simulation results demonstrate that the probability of social media exposure can effectively encourage the central government to adopt the supervision strategy, and constrain regional officials' limited disclosure during environmental incidents to some extent. social media exposure increased from 0.4 to 0.9. Similar change trends are also depicted on the right in Figure 5 . The strategy of the central government gradually changes from no supervision to supervision as the probability of social media exposure increases. In summary, the simulation results demonstrate that the probability of social media exposure can effectively encourage the central government to adopt the supervision strategy, and constrain regional officials' limited disclosure during environmental incidents to some extent.
(a) (b) Figure 5 . The effect of social media on the evolutionary strategies of participants.
These results coincide with real practice. For a long time, China has been considered an information-poor environment, where government agencies at all levels control information disclosure. This means that it is difficult for social media to supervise local governments for a variety of reasons. First, information and communication technology limit the role of social media in supervising regional officials. Second, in reality, social media supervision in China lacks effective legal protection. Third, the main conventional information institutions, such as television, newspapers, the radio, news agencies, and the information they release have been kept under state control for a long time. Without social media supervision, the effects of the central and local governments on information disclosure during environmental incidents often run into the Prisonerʹs Dilemma, which was well reflected in the Songhua River Pollution incident. In this case, local officials deliberately covered up the real reasons why the water supply in Harbin was suspended in the early stages of the water pollution incident due to concerns that a social crisis would occur, and the central government also remained silent due to a lack of information on the accident as a result of the bottom-up reporting of information. Therefore, we deduce that the central and local governments actually operated conspiratorially regarding information disclosure during the Songhua River Pollution incident. Notably, in this case, few social media platforms actively revealed the truth about the incident and played a role in supervising local governments, which finally led to rumors.
With the rapid development of information and communication technology, it is much easier for the central government to identify malpractice by local officials with the help of social media. Media reports on malpractice by local officials can attract the central governmentʹs attention, and thus improve its intervention efficiency. During this process, social media essentially shares the central governmentʹs supervised costs, and thus the central government tends to choose to actively supervise local officials. The central government also allows and even actively stimulates information disclosure and social media openness, often with the idea of building a countervailing power against the limited disclosure of local officials [4] . Local governments may suffer considerable damageincluding punishment from top-down accountability and potential reputation loss-after social media exposure once being shown to be involved in malpractice with an increase in the probability of social media exposure. For example, in the case of the illegal pollution discharge in the Tengger Desert, local officials adopted a negative attitude in response to the demand of the public for These results coincide with real practice. For a long time, China has been considered an information-poor environment, where government agencies at all levels control information disclosure. This means that it is difficult for social media to supervise local governments for a variety of reasons. First, information and communication technology limit the role of social media in supervising regional officials. Second, in reality, social media supervision in China lacks effective legal protection. Third, the main conventional information institutions, such as television, newspapers, the radio, news agencies, and the information they release have been kept under state control for a long time. Without social media supervision, the effects of the central and local governments on information disclosure during environmental incidents often run into the Prisoner's Dilemma, which was well reflected in the Songhua River Pollution incident. In this case, local officials deliberately covered up the real reasons why the water supply in Harbin was suspended in the early stages of the water pollution incident due to concerns that a social crisis would occur, and the central government also remained silent due to a lack of information on the accident as a result of the bottom-up reporting of information. Therefore, we deduce that the central and local governments actually operated conspiratorially regarding information disclosure during the Songhua River Pollution incident. Notably, in this case, few social media platforms actively revealed the truth about the incident and played a role in supervising local governments, which finally led to rumors.
With the rapid development of information and communication technology, it is much easier for the central government to identify malpractice by local officials with the help of social media. Media reports on malpractice by local officials can attract the central government's attention, and thus improve its intervention efficiency. During this process, social media essentially shares the central government's supervised costs, and thus the central government tends to choose to actively supervise local officials. The central government also allows and even actively stimulates information disclosure and social media openness, often with the idea of building a countervailing power against the limited disclosure of local officials [4] . Local governments may suffer considerable damage-including punishment from top-down accountability and potential reputation loss-after social media exposure once being shown to be involved in malpractice with an increase in the probability of social media exposure.
For example, in the case of the illegal pollution discharge in the Tengger Desert, local officials adopted a negative attitude in response to the demand of the public for information disclosure. An early official statement informed the public that there was no illegal pollution discharge in the Tengger Desert. This was followed by another official statement that declared that the authorities had not ascertained the desert pollution. Finally, under intense social media exposure, the local government admitted that regulations may be not in place, which attracted the concern of the central government, and the central government dispatched a supervision group to investigate and punish the local officials for malpractice. It can be seen from the changes in the official statement that the local government gradually changed its disclosure strategy from limited disclosure to full disclosure following extensive, continuous, and widespread media exposure and inquiries.
Social Influence of Social Media in Information Disclosure Game
Similarly, to examine the effects of the influence of social media on the game participants' strategy selections in the information disclosure game, we fixed the other parameters and changed the influence of social media x 0 within the range of 0.1 to 2.5. Figure 6 shows that social media dramatically impacts the information disclosure strategy adoption of local and central governments during environmental incidents. In the left of Figure 6 , the increase in social media influence is shown to lead local governments to change their strategy from limited disclosure (brown line) to full disclosure (other lines), which means that social media can push local governments to act more responsively when its influence increases because the exposure by media of the limited disclosure of local officials during environmental incidents would lead the local government to suffer a reputation loss. When the influence of social media is limited, local officials choose the limited disclosure strategy, since they think that no negative impact will occur. When we continued to increase the value of x 0 to a certain value, local governments tended to choose the full disclosure strategy as their optimal strategy. The greater the influence of social media on local officials' limited disclosure, the faster the convergence of the strategy ratios of local governments selecting supervision. The same change trends are also depicted in the right of Figure 6 , which reveals that the ratio of adoption of the supervision strategy decreases when the influence of social media decreases from 2.5 to 0.5. When x 0 was further reduced, the central government changed its initial supervision strategy, and tended to adopt the no-supervision strategy to manage environmental incidents. However, this value in reality does not exist, and is only used in the simulation model and the change rule of the observation strategy. information disclosure. An early official statement informed the public that there was no illegal pollution discharge in the Tengger Desert. This was followed by another official statement that declared that the authorities had not ascertained the desert pollution. Finally, under intense social media exposure, the local government admitted that regulations may be not in place, which attracted the concern of the central government, and the central government dispatched a supervision group to investigate and punish the local officials for malpractice. It can be seen from the changes in the official statement that the local government gradually changed its disclosure strategy from limited disclosure to full disclosure following extensive, continuous, and widespread media exposure and inquiries.
Similarly, to examine the effects of the influence of social media on the game participants' strategy selections in the information disclosure game, we fixed the other parameters and changed the influence of social media within the range of 0.1 to 2.5. Figure 6 shows that social media dramatically impacts the information disclosure strategy adoption of local and central governments during environmental incidents. In the left of Figure 6 , the increase in social media influence is shown to lead local governments to change their strategy from limited disclosure (brown line) to full disclosure (other lines), which means that social media can push local governments to act more responsively when its influence increases because the exposure by media of the limited disclosure of local officials during environmental incidents would lead the local government to suffer a reputation loss. When the influence of social media is limited, local officials choose the limited disclosure strategy, since they think that no negative impact will occur. When we continued to increase the value of to a certain value, local governments tended to choose the full disclosure strategy as their optimal strategy. The greater the influence of social media on local officialsʹ limited disclosure, the faster the convergence of the strategy ratios of local governments selecting supervision. The same change trends are also depicted in the right of Figure 6 , which reveals that the ratio of adoption of the supervision strategy decreases when the influence of social media decreases from 2.5 to 0.5. When was further reduced, the central government changed its initial supervision strategy, and tended to adopt the no-supervision strategy to manage environmental incidents. However, this value in reality does not exist, and is only used in the simulation model and the change rule of the observation strategy. Both the central government and local governments tend to choose to adopt the positive strategy in the information disclosure game during environmental incidents when social media is strongly influential. One important reason for this might be that extensive and widespread media reports on Both the central government and local governments tend to choose to adopt the positive strategy in the information disclosure game during environmental incidents when social media is strongly influential. One important reason for this might be that extensive and widespread media reports on the malpractice of local officials increase the reputation loss of local governments, which would encourage the government to act more responsibly to respond to social media enquiries. Theoretical and empirical explorations in the field of capital markets indicate that social media can play a key exterior governance role through the reputation mechanism [28] . The central government hopes to counteract what it considers to be the distortion of information by local and regional authorities with more media freedom to report on the malpractice of local officials during environmental incidents.
Discussion
We adopted an evolutionary game model in this study to investigate whether social media, as an important part of the social supervision system, leads to increased government disclosure during the handling of environmental incidents, and how social media influences local governments' information disclosure within the framework of central-local government relations. The results imply that social media plays an active role in promoting the information disclosure of regional governments during environmental incidents through two mechanisms: the top-down intervention mechanism and the bottom-up reputation mechanism.
By analyzing the evolutionary progress of the information disclosure game, our study shows that both the central and local governments are risk-averse under the current system in China. This means that the central government, as the principal, often adopts various measures to simulate local governments to fully disclose information during environmental incidents, but its capacity to do so is often constrained by either costs or the political system. In this case, social media provides an efficient information channel for the central government to supervise local affairs, and thus it can improve its supervision and intervention efficiency. This finding is in accordance with those from most existing studies. Even though local governments should proactively report the incident information that they obtain to their upper-level superiors for supervision in the current system, the main official source of information for use in top-down supervision is a bottom-up reporting system [20] , which makes it difficult for the central government to determine whether limited disclosure by local officials is occurring. In this case, instead of changing formal institutions, the central government has resorted to social media as an informal method of strengthening its supervision capacity [4] . One important reason for this might be that the central government can easily determine that limited disclosure by local officials is occurring during the process of environmental incidents with the help of social media, which forces local governments to change their limited disclosure strategy to avoid top-down accountability.
In terms of government information disclosure during environmental incidents, the local government usually decides whether or not to disclose information, since this decision is related to the social stability of the local area. In practice, local governments tend to adopt the limited disclosure strategy to deal with environmental incidents. As noticed by Choi, blame avoidance is the main motivation that affects the local government's decision to disclose information or not [39] . Social pressure, for example from public panic and social conflict, is also an important factor that influences the information disclosure of local officials during environmental incidents [4] . In particular, these external pressures can be easily amplified in a social media context. The reason for this is that social media is highly persuasive in focusing the public's attention on local governments and the malpractice of their officials, such as limited disclosure, and actively mobilizes citizens to protest to maintain their interests, which can negatively affect a local government's reputation [22] . In this case, regional governments have to fully disclose information due to social media pressure [35] .
Conclusions and Suggestions
The purpose of this study was to investigate how social media influences regional governments' information disclosure during the handling of environmental incidents. To achieve this goal, we modeled information disclosure during environmental incidents as an evolutionary game process between the central and local governments, and examined the role of social media on game participants' strategy selection in the information disclosure game. The research findings indicate that the limited disclosure of local governments during environmental incidents is essentially rooted in the information asymmetry between local governments (agents) and the central government (principal). Social media, which acts as an important part of the social supervision system, plays an active constructive role in the positive interactions between the central and local governments under the current Chinese system. Social media can provide an efficient information channel for the central government to monitor the limited disclosure of local officials during environmental incidents, essentially sharing the supervision costs of the central government. In this context, the central government tends to actively supervise and intervene with local officials' malpractice. Besides, social media also focuses the public's attention on certain events and topics, especially government officials' malpractice or unethical behavior, through extensive, continuous, and widespread coverage. This coverage puts considerable social pressure on local governments' reputations by creating public opinion, and leads to large fines after triggering the central government's intervention. As a result, local governments and their officials tend to act more responsibly in response to social media enquiries. In summary, social media plays an important role in promoting information disclosure by local governments during the handling of environmental incidents.
The research findings shed light on the impact of social media in promoting regional governments and their officials to proactively disclose information during environmental incidents. An efficient and media-centered social supervision system should be constructed to supervise local affairs and help improve the efficiency of the top-down supervision system. This research provides a good reference for the central government to simulate local officials to act more responsively. Yet, there are some limitations in this study due to the preset research objectives and limited time. Importantly, this research indicated that the positive role of social media in compelling the government to fully disclose information during public crises. However, the public opinion environment constructed by social media is a double-edged sword that has many defects, such as information distortion, false reports, etc. Therefore, future studies should focus on how to distinguish the authenticity of media exposure. In addition, government information disclosure is a typical, complex, dynamic system, involving various stakeholders, such as the enterprise, non-government organizations, shareholders, the public, etc. Thus, more stakeholders should be considered in future research, and how these stakeholders drive government's information disclosure should also be analyzed.
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